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British Hydro-Electric Plant and World 


Power Requirements 


By J. C. BEVERLEY, M.A., A.M.I.Mech.E., A.M.I.E.E., Contracts Manager, Hydro-Electric Department, 
E. G. TEASDALE, B.A., Sales Manager, Hydro-Electric Department, and A. WILMOT, B.Sc.Tech., 
D.1.C., A.M.I.Mech.E., Chief Project Engineer, Water Turbine Department. 


PART I 


This article is in all essentials a reproduction of the Paper presented by the authors to the British 
Electrical Power Convention at Brighton on the 19th June 1958. |The Appendix however has 
been expanded to include some further examples of new hydro-electric installations. 


HE BRITISH CONTRIBUTION to meeting world 

power requirements in the very important 

field of hydro-electric engineering has been 
far wider in its scope than the mere manufacturing 
and exporting of the machinery and equipment 
necessary to generate, transmit, and distribute 
electric power. British consulting engineers have 
carried out the lengthy and tedious investigations 
in remote parts of the world into all the aspects, 
technical and economic, of projects for the develop- 
ment of water-power resources ; British capital 
has been invested in these schemes when the 
engineers’ reports have been favourable, thus 
enabling them to be brought to fruition ; British 
mechanical and electrical engineering firms have 
successfully designed, manufactured, and erected 
all the diverse kinds of machinery and plant 
required ; British research has kept abreast of the 
continuous technical advancement being made in 
hydro-electric practice, and has frequently led the 
way ; and finally, the British engineering profession 
has made a very important contribution to the 
world’s technical literature in the shape of the three 
exhaustive volumes on Hydro-Electric Engineering 
Practice very recently published. 


THE BACKGROUND OF THE BRITISH 
POSITION IN WORLD HYDRO-ELECTRIC 
POWER 


It was inevitable that British engineering should 
be late in entering the hydro-electric field. The 


' Edited by J. Guthrie Brown (Blackie & Son Limited). 


Industrial Revolution in Britain preceded that in 
the other countries which today are predominantly 
manufacturing countries, but Britain’s great asset 
was coal, and very little attention, if any, was paid 
to the comparatively limited water power available 
in these islands, even though inefficient use had 
been made of it, and continued to be made, by 
means of water mills. Britain too was in the fore- 
front of the development of electricity for industrial 
and domestic use, but the availability of coal was 
such that Britain’s prime movers for electrical 
generators were almost invariably reciprocating 
steam engines, and later, steam turbines. 

Countries such as Switzerland and Sweden, 
blessed with abundant water power but short of 
coal, were forced to turn to the efficient utilisation 
of their water power, and thereby gained a great 
lead in the design of the larger modern water 
turbines. Nevertheless, in the smaller field— 
and it must be remembered that all the very early 
water turbines were necessarily small measured by 
the standards of today—a British firm manu- 
factured its first water turbine a little over one 
hundred years ago. It should be a matter of great 
pride to British engineers that the firm has manu- 
factured some thousands of water turbines for 
all parts of the world and is still flourishing, and 
that its first water turbine is still operating after 
one hundred years, although never used for the 
generation of electricity. 


In the larger field, however, Britain’s European 
and American competitors had obtained a lead 
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and when, in the early years of the present century, 
British Industry entered the hydro-electric market 
with a view to supplying the largest turbines 
required, there were virtually no British engineers 
available with the necessary knowledge and ex- 
perience of large water-turbine design and water- 
turbine problems. British Industry was not 
discouraged by this. The market for hydro- 
electric plant was growing, and although the market 
in Britain was not at that time promising, various 
countries in the British Commonwealth offered 
great prospects. The services of Swedish and Swiss 
engineers of long experience were called upon and 
more recently American experience too has seived 
to strengthen the hold which British manufacturers 
now have on the world hydro-electric market. 
Meanwhile the educational facilities for training 
hydraulic engineers in Britain have been gradually 
built up, and those facilities, together with the 
accumulated experience of the companies who have 
manufactured water turbines and the contribution 
made by government research associations, today 
assure that the position which has been won 
will not be lost by reason of lack of engineers 
technically equipped to compete with the best 
of other countries. The wheel has indeed come full 
circle, because in recent years British engineers 
have been emigrating to distant parts of the Com- 
monwealth to make use there of the knowledge 
and experience gained in Britain in both the 
hydraulic and the hydro-electric fields. In addition, 
British designs are being used for the manufacture 
of water turbines overseas. 


On the electrical side the position was different, 
and more favourable to Britain. In all aspects of 
electrical engineering design Britain was advancing 
in parallel with other countries. The electrical 
problems of hydro-electric engineering did not 
differ in any major respect from the electrical 
problems connected with other forms of generation, 
and the differences between generators for driving 
by water turbines and generators for driving by 
other prime movers were mainly mechanical 
differences. Britain was very well equipped in the 
field of mechanical engineering. Before any of the 
larger water turbines had been made in Britain, 
water-wheel generators had been supplied from 
Britain for export overseas and for coupling to 
foreign-built water turbines. British transformers 
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and British switchgear had also been incorporated 
in hydro-electric installations. 


In the earlier years, all the schemes developed 
and put into operation were, for economic reasons, 
those sited nearer to the load centres. The very 
high transmission voltages necessitated by hydro- 
electric installations situated many hundreds 
of miles from the towns where the energy is 
required are a comparatively recent development. 
British electrical engineers have contributed, and 
are still contributing, in full measure to the solving 
of the problems engendered by the use of extra 
high voltages, and are well able to design and supply 
the machinery and apparatus required to deal 
with them. 


WORLD POWER REQUIREMENTS 


The world demand for hydro-electric power is 
closely tied to the total world demand for electrical 
power and follows the same general trends. 
Reliable statistics are hard to come by, and in 
particular they are never right up to date, due to 
the time taken to collect them. Some valuable 
statistics bearing on the present subject were given 
in the paper ‘Electrical Engineering in World 
Trade, * presented to the British Electrical Power 
Convention in 1954 by Sir George H. Nelson, Bt.? 


In this paper it was stated to be a reasonable 
assumption that the generating plant installed in 
the world as a whole is being increased at a rate 
of about 7 per cent per annum, which results in a 
doubling of the total installed capacity every ten 
years. The evidence collected by the present 
authors from all authorities which they have 
consulted seems to verify the correctness of that 
assumption. 


It is a sobering thought to electrical engineers, 
whose theme is quite rightly the overwhelming 
importance of electricity in the service of man, 
that in the Free World® in 1950, of the total 
production of energy in terms of heat, less than 


2 President of the British Electrical Power Convention 1958. 


3 The ‘ Free World’ here means all countries, except: the U.S.S.R. and 
the Baltic States, China, Manchuria, N. Korea, Poland, Bulgaria, 
Rumania, Hungary, and Eastern Germany, for which complete data 
are not available. 
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4 per cent was used in the form of electricity.‘ 
Thus, while water power accounted for 1.5 per 
cent only of the annual production of energy, it 
accounted for 45.5 per cent of the annual pro- 
duction of electricity. Solid fuels accounted for 
41.5 per cent and liquid and gaseous fuels for 13 
per cent.4 


In Britain, thermal generating plant will always 
far exceed in capacity the hydro generating plant, 
and the proportion of our electrical energy derived 
from water power will always be comparatively 
insignificant, but the very different picture in the 
world as a whole provides a challenge for the 
British manufacturers of hydro-electric plant, and, 
indeed, for all sections of the British engineering 
profession connected in any way with the ex- 
ploitation of hydro-electric power. Already, the 
role played in the production of electricity by the 
natural water resources of countries more blessed 
in that way than Britain is a very important one, 
and there is reason to believe that, for some years 
to come at least, the exploitation of water-power 
resources will be accelerated. 


Conventional solid and liquid fuels are expen- 
dable assets. Once burnt for the production of 
energy, they cannot be used again. The water- 
power resources of the globe, while obviously 
limited, are not expendable in the same sense. A 
given site, that is to say a given collection of natural 
features, can be made to support not more than a 
certain maximum amount of generating plant, and 
to yield not more than a certain maximum amount 
of energy over a given period, such as a year. Once 
the necessary engineering work has been done, the 
water, which is the source of power, is constantly 
renewed by the forces of nature, and it is only in 
geological ages—millions of years—that, in general, 
climatic and earth changes will radically change the 
conditions, provided that due precautions have 
been taken to avoid the effects of silting and erosion. 


As regards the potential water-power resources 
of the world, it is probable that the last word is a 
very long way from being said as yet. Over the few 
decades during which estimates have been made, 
these estimates have constantly been revised in an 
upward direction, and to an astonishing degree. 
This has been due, partly to increasing knowledge 


Hydro-Electric Engineering Practice. Vol. 111. 


of parts of the earth’s surface obtained by explora- 
tion and intelligent survey, partly to a changing 
conception of what is * potential’ due to changing 
economic conditions (e.g. the rising cost of solid 
and other fuels), and partly to improved techniques 
in construction and utilisation. 


As an example of the uncertainty there has been 
about estimates of potential water power, some 
figures are given relating to Scotland, a territory 
about which there ought to have been little mystery, 
in the engineering sense, even forty years ago. The 
Board of Trade set up a Water-Power Resources 
Committee which reported in 1921 that a con- 
tinuous output of 218 MW was available, though 
it is only fair to point out that they made it clear 
that their studies were not complete. This 218 MW 
could produce 1,900 10® kWh per year. The 
Cooper Committee in 1942 reported that the unused 
resources could produce 4,000 « 10° kWh per year, 
and this in spite of the fact that much development 
had actually been carried out since 1921. Later 
reports of the North of Scotland Hydro-Electric 
Board estimate that the potential annual output 
may be from 9,000 10® to 10,000 10° kWh. At 
the end of 1957, the schemes already in operation, 
under construction, promoted, or in course of 
promotion and survey totalled a capacity of 
1,692 MW with an average annual output of 
3,969 « 10® kWh.® 


Tables I and II show a direct comparison of the 
total hydro-electric energy or power estimated to 
be economically available in various countries 
with the amount actually developed and being used. 
The two tables are on different bases, Table I giving 
kilowatt-hours per annum and being for the year 
1956. For the countries shown in Table II such 
recent information has not been made available, 
and the basis is kilowatts. The estimates of 
potential must be taken as very approximate, 
and it must be noted that the figures for installed 
plant correspond to the year 1953 for Canada and 
Finland and to 1952 for the other countries. 
Moreoever, the years in which the potential power 
was estimated do not in most cases correspond to 
the years for which the installed plant is given. The 
potential power available is equivalent continuous 
output, based on arithmetic mean flow, except for 


5 North of Scotland Hydro-Electric Board Report, 24th February 1958 


Brazil where it is based on the natural flow in the 
rivers which may be relied on for 95 per cent of the 
time. 

While those limitations must be borne in mind, 
the tables are useful in showing that a very great 
deal of potential water power remains to be 
developed, even in the majority of the countries 
where a large amount of development has already 
been done. Particular attention is drawn to three 
countries, which are commonly supposed to have 
made very full use of their resources, namely the 
United States, Canada, and Norway. 


TABLE I*+ 


HYDRO-ELECTRIC PRODUCTION OF ENERGY IN 1956 
AND ESTIMATED HYDRO-ELECTRIC POTENTIAL 


Percentage 
Country Production Potential of potential 
kWh 108 kWh 10° in use 

Austria. . 8,661 40,000 21-6 
France .. 25,843 67,500 38-3 
W. Germany .. 12,775 23,000 55-5 
Italy .. 31,307 $5,000 56:9 
Norway 23,649 105,000 22:5 
Sweden. . as 23,974 80,000 29-9 
Switzerland .. 14,660 27,000 
Utd. Kingdom 2,200 9,400 23-4 
Utd. States 132,500 501,600 26:4 


* Electricity in Europe. (O.E.E.C.) Published September 
1957. 

+ Federal Power Commission (United States). 37th 
Annual Report, published January 1958. 


TABLE II 


INSTALLED WATER-POWER PLANT AND ESTIMATED 
POTENTIAL WATER POWER FOR CERTAIN COUNTRIES 
NOT INCLUDED IN TABLE I 


Installed | Estimated Percentage 
Country plant potential of 
million kW million kW _ utilization 


Canada 11-10 78-61 14-1 
Japan 8-03 34-23 23-4 
Spain 1-74 
Brazil 1-60 15-97 10-0 
Finland 0-87 2°87 30-3 
India .. 0-834 25:8 
New Zealand .. 0-656 4-65 14:1 
Portugal 0-484 2:75 17-6 
Chile 0-445 16-50 2:7 
Australia 0-311 3-60 8-7 
Argentine 0-081 4:10 2:0 


+ Hydro-Electric Engineering Practice. Vol. III. 


THE ENGLISH ELECTRIC JOURNAL 


If reliance can be put on the estimated annual 
increase of 7 per cent, the demands of the Free 
World for new hydro-electric generating plant this 
year are for upwards of 8,000 MW, and in three 
years time that demand will become 10,500 MW, 
as was pointed out in the 1954 Paper * Electrical 
Engineering in World Trade,’ previously referred to. 
Associated with this truly immense amount of 
generating machinery there will also be required 
vast amounts of transformers, switchgear, and 
transmission line material, all of which should 
properly be considered as comprised in hydro- 
electric plant, and the prospects for British engineer- 
ing to continue to make a substantial contribution 
to the development of the world’s water-power 
resources are therefore exceedingly bright. 


It is becoming increasingly fashionable in all 
fields of human endeavour to claim records. In 
hydro-electric engineering, records are difficult to 
establish and there is an element of risk in claiming 
any particular achievement as a record. Neverthe- 
less, it may not be out of place here to draw 
attention to Britain’s share in a list of fifteen hydro- 
electric records published by the American journal 
* Power’ in September 1957. Britain has been 
associated, either by reason of actual manufacture 
of turbines and/or alternators, or by reason of 
water-turbine design, with the following five out of 
these fifteen records listed by an independent 
authority. 


KEMANO, B.C., CANADA, highest capacity 
underground, also highest capacity plant 
with impulse turbines, 2,400,000 h.p. 
total. 

CHUTE-DES-PASSES, QUEBEC, CANADA, highest 
capacity Francis turbines, each 200,000 
h.p., 540 feet head. 

Sir ADAM Beck No. 2, NIAGARA, largest 
pump-turbine plant, six machines, rated 
as turbines at 45,000 h.p. each, and as 
pumps at 56,000 h.p. with a discharge of 
4,600 cusecs. 

FFESTINIOG, WALES, highest powered pumped- 
storage plant, containing four 110,000 h.p., 
745 cusecs, 1,000 feet head, two-stage 
pumps. 

St. LAWRENCE RIVER, UNITED STATES AND 
CANADA, largest fixed-blade propeller tur- 
bine plants, two plants each containing 
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sixteen turbines rated at 75,000 h.p. each 
under 81 feet head. 


THE PRELIMINARY STAGES OF A HYDRO- 
ELECTRIC PROJECT 


Very rarely has it been possible for a project to 
be conceived and to be carried through in a short 
space of time, such as, say, five years. In general, 
the undertaking is so great in terms of capital 
expenditure on civil-engineering works and plant 
relative to the power output to be obtained, that 
the promoting body, whether government or private 
company, needs to be very sure of all the facts in 
the case before committing itself to the actual 
beginning of the work. Some of these facts are 
difficult to ascertain, and necessarily require 
patient observation over a lengthy period before 
figures can be regarded as reliable. For these 
reasons, a project frequently has an active life of 
from ten to fifteen years before the plant is in 
operation, and thirty years is not unknown. The 
time of preliminary investigation is often further 
prolonged when a choice has to be made between 
two or more schemes in the same territory. 


Numerous investigations of this sort have been 
undertaken in different parts of the world by British 
firms of consulting engineers. Sometimes a single 
firm has been employed to make a report on all 
aspects of a proposed scheme, but more recently 
the tendency has been for a commission to be 
appointed comprising senior members of several 
firms of civil, mechanical, and electrical consulting 
engineers. The terms of reference, in either case, 
are usually fairly wide. 

An example of such an investigation carried 
out by British engineers is afforded by the Kafue 
Scheme in Northern Rhodesia* which, although 
discarded for the moment in favour of the alterna- 
tive Kariba Scheme in Southern Rhodesia, will 
undoubtedly be developed at some time in the not 
too distant future. The engineers were instructed 
to ascertain whether or not a scheme exploiting 
the Kafue River at the gorge could be brought into 
Operation to produce approximately 200 MW of 
firm power at an earlier date than that set for the 
completion of the initial stage of the Kariba 
Scheme. 


* Government of Northern Rhodesia. Report on Kafue Hydro-Electric 
Project. January 1953. 


In the course of the investigation use was made 
of hydrological, geological, topographical, and 
other data, supplied by a number of the Northern 
Rhodesian Government Departments, part of the 
data relating to river measurements which had been 
made continuously over the previous 47 years. 
Consideration had to be given to minimum, 
average, and maximum river discharge, the storage 
facilities available, the evaporation loss, and the 
amount of siltation to be expected. With all these 
factors taken into account, an estimate of the 
available water was made. Three alternative dam 
sites were considered, with the effect they had on the 
size and cost of the dam, the cost of the tunnel, and 
the amount of storage provided. 

Suitable sites were determined for two power 
stations (to utilise the available head in two stages), 
and the cross section, the form, and the route for 
the tunnels required to feed the water to them 
from the reservoir created behind the dam were also 
investigated. Other matters that had to be taken 
into account were : the intake works, with gates 
and screens, the arrangement for discharging 
abnormal floods, the way of disposing of both 
normal and abnormal river discharge during con- 
struction, the provision of access roads to the 
various works sites, the availability of constructional 
materials such as sand, stone, cement, and steel, 
the availability of labour, and the provision of the 
housing and amenities required for the labour 
force. A close estimate had to be made of the 
times required for the various phases of con- 
struction. 

The report also included recommendations on the 
number, output, and design of generating sets, on 
the auxiliary supplies necessary for the power 
stations, on the transformers and switchgear, and 
on the extent, type, voltage, and design of the 
transmission system required to take the energy 
to the load centres. Finally, the work involved 
the estimating, as closely as possible, of the cost 
of everything comprised in the whole project, and 
the resulting cost of the energy delivered at receiving 
stations. 

The numerous problems associated with this 
project have been outlined, although of necessity 
very briefly, because they are typical of every 
hydro-electric scheme. Very few of the problems 
mentioned do not enter into every project, and 
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many projects have other problems peculiar to 
themselves. In particular it may be mentioned that 
there frequently have to be close and detailed 
investigations into the probable future growth of 
existing loads, and the possible establishment of new 
loads. It is evident that a great responsibility 
attaches to the engineers who have to make such a 
report, and that a sound and wide knowledge of 
many aspects of engineering is required for the 
proper discharge of this responsibility. This is no 
mean contribution that Britain is able to make to 
the satisfying of world power requirements. 
Kafue has been mentioned in some detail as typical 
of many schemes with which British consulting 
engineers have been associated; the Kariba 
Scheme itself, for instance, which has been given 
preference of construction, and is now going ahead, 
with a large measure of British contribution to its 
fulfilment. Before the Australian Government set 
up the Snowy Mountains Hydro-Electric Authority, 
it called on British engineers to carry out more than 
one extensive investigation into feasibility and 
economics. Work of this sort has been carried 
out in Ceylon, Malaya, Burma, West Africa, 
Egypt, South America, Portugal, Turkey, and 
many other places. 


THE CONTRIBUTION OF THE MAKERS OF 
SMALL WATER TURBINES 


% This article is necessarily concerned mainly with 
are the large and spectacular developments which are 
so much in the public eye at the present day, but 
it is fitting to pay tribute to those manufacturers 
who have confined their activities to the field of the 
small turbine. Mention has already been made of a 
British turbine still operating more than 100 years 
after it was installed. It is believed that the first 
water turbine in Britain to drive an electric generator 
was installed in 1880 in Northumberland by a 
manufacturer who is no longer in the business. 
It was a 9 h.p. Williamson Vortex turbine. A 
100 h.p. turbine was installed in 1893 to provide 
electricity for underground haulage in a Westmor- 
land lead mine, and in the following year the same 
makers exported eight Vortex turbines with 
governors, for supplying electricity to the city of 
Launceston in Tasmania. 


Meanwhile, the predecessors of another firm 
which is still in business today had enlarged the 
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scope of their activities by adding water turbines 
to the milling machinery and sluice gates with which 
they had started. Their first turbine developed 
27 h.p. under a head of 6 feet and was installed 
and tested in 1887. 

It is to be noted that upwards of half a dozen 
engineering companies manufactured water tur- 
bines in the early days but that nearly all of them 
have either turned to other engineering products 
or have disappeared altogether. 

As it is to be expected, there have been fewer 
noteworthy developments on small water turbines 
than in the large water-turbine field. Nevertheless 
mention may be made of the Turgo impulse wheel 
which is an axial-flow impulse wheel, running at a 
higher speed than a double-jet Pelton wheel for 
the same conditions, and being therefore particularly 
suitable for medium power and medium head. 
A double-overhung turbine of this type was 
installed about five years ago in Colombia. It was 
required to develop 3,300 kW at 294 feet head and 
to be accommodated in a limited space. It replaced 
two 1,500 kW Francis turbines of American manu- 
facture installed a few years earlier. The water is 
heavily charged with abrasive silt, and the rate of 
wear on the Francis turbines was excessive. The 
operation of the Turgo wheel has been so satis- 
factory that no important spares have been required 
as yet. 

The makers of small turbines can claim to have 
made one of the highest-head turbines made in 
Britain. This is a single-jet impulse turbine under 
a head of 2,620 feet, the runner of which is overhung 
on the shaft of a 6,000 kW alternator also of 
British manufacture. It was supplied to Bolivia. 

It is estimated that about 9,300 of the smaller 
turbines have been manufactured in Britain, 
totalling well over 300,000 h.p. About half this 
horse-power has been exported. As these figures 
result in an average horse-power per unit of about 
35, it must be remembered that very many of the 
turbines were of far smaller output than 35 h.p., 
and that included in the total are machines up to 
the 6,000 kW output of the Bolivian turbine just 
mentioned. 

By way of contrast, Fig. | shows the eight 
Vortex turbines built for Tasmania in 1894, and 
Fig. 2 shows a twin Turgo impulse wheel with an 
output of 4,600 h.p. under 295 feet head. Fig. 3 
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Fig. 1.—Eight Vortex turbines built for Tasmania in 1894 (Gilbert 


Gilkes & Gordon) 


shows a 440 h.p. 114 feet head Francis turbine 
driving an induction generator, supplied to the 
North of Scotland Hydro-Electric Board since the 
last war. 


WATER TURBINES AND THE BRITISH 
INFLUENCE ON MODERN DEVELOPMENTS 
Growth in Size and Output 

Water turbines of the type known today have 


Fig. 2.—A 4,600 h.p. twin 
Turgo impulse wheel with 
3,300 kW alternator 
(Gilbert Gilkes & Gordon) 


Sim: 


been built in Britain for just over 
a hundred years, but the largest 
output of any turbine built up 
to 1920 was only 8,000 h.p. The 
modern era can be said to 
have begun after 1920 when the 
increased world demand for power 
stimulated the growth of the 
water-turbine business in Great 
Britain. Rapid strides were then 
made and in 1922 units of 30,000 
h.p. were first ordered. The 
slump then hit the water-turbine 
business in common with other 
industries and further progress in 
the next twenty years was naturally 
slow. However, in the immediate 
post-war period rapid strides were 
made until at the present moment 
units of 200,000 h.p. are under 
construction. Fig. 4 shows the 
growth in turbine output over the 
years, On both a world and a 
British basis, and Fig. 5 shows on a cumu- 
lative basis the total orders for water turbines 
placed in Great Britain since 1920, inciuding 
turbines designed in this country but manufactured 
overseas. For many years Britain’s achievement 
in the water-turbine field lagged behind the rest 
of the world but today British-built and British- 
designed water turbines are able to hold their 
own in comparison with those from any other 
country. 
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Fig. 3.—A 440 h.p. Francis turbine driving an 
induction generator (Armfield) 


Table III gives a representative selection of water 
turbines of predominantly British origin. They 
have all been designed in recent years, and most of 
them have been manufactured in Britain or are still 
under construction there, but in a few cases the 
designs have been supplied for the actual manu- 
facture to take place in Canada. 


The predominance in this list of Francis and 
Kaplan turbines should be particularly noted. It 
arises from the fact that in the markets of special 
interest to the British manufacturers the large- 
capacity impulse turbine is used only to a small 
extent. Thus, although many impulse turbines 
have been built, the efforts of the British manu- 
facturers have been devoted mainly to the develop- 
ment of the Francis and Kaplan turbines. 


TABLE Ill 


A REPRESENTATIVE SELECTION OF MODERN WATER TURBINES WHICH HAVE BEEN DESIGNED OR HAVE BEEN 


SUPPLIED OR ARE UNDER CONSTRUCTION BY BRITISH MANUFACTURERS 


Number Output in Net Speed Overall 
Name Country Type of b.h.p. head r.p.m. runner 

units per unit feet diameter 

*Chute-des-Passes Canada Francis 5 200,000 540 200 Ss 
*Bersimis I. . . Canada Francis 4 175,000 875 277 nm” 6 
Kariba ' Rhodesia Francis 6 140,000 280 167 Ss 
*Snowy Tl .. Australia Francis as 134,500 1,095 375 g 3” 
*Priest Rapids United States Kaplan 10 131,000 84 85-7 260 8” 
Belesar . Spain Francis 3 105,000 436 214 10° 4’ 
*Frestiniog Wales Francis 4 105,000 970 428 . 6S 
Eildon Australia Francis p 4 82,100 235 150 ZS 
*Rihand India Francis 5 77,000 225 150 i 62° 
*St. Lawrence Canada Propeller 16 75,000 81 94-7 21’ 0’ 
Los Peares .. Spain Francis 3 73,800 306 214 3 
*Cabril Portugal Francis 2 73,000 384 214 10° 9” 
*Table Rock United States | Francis 4 68,000 190 128-6 14° 0’ 
*Ponte Coberta Brazil Francis 2 62,000 115 115-4 15’ 10” 
Salto de Castro Spain Francis 2 59,000 125 107 DS I 
*Clachan Scotland Francis 56,000 897 428 
*Hirakud India Kaplan 2 52,000 87 150 
*Sir Adam Beck No. 2 Canada Deriaz 6 45,000 83 a | 


(Pumped Storage) 


92:3 
(These units operate in reverse as 55,000 h. p., 4,600 cusec, 75 feet head _— 
000 197 187 fo. 


*Hirfanli Turkey Francis 3 J 
Finlarig Scotland Impulse 1 42,000 1,250 375 9’ 
Tungatinah Tasmania Francis 5 35,000 935 600 > 
*Atiamuri New Zealand Francis 3 30,000 81 125 =. FT 
St. Fillans Scotland Francis 30,000 785 600 
*Invergarry .. Scotland Kaplan 1 28,000 167 250 ae 
Waipapa : New Zealand Kaplan 3 24,000 53 125 16’ i 
Owen Falls Uganda Kaplan 8 21,000 62 150 a FF 


* Turbines of ‘English Electric’ manufacture. 
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Fig. 4.—Growth in turbine output 


Extension of the Head Range of Francis and Kaplan 
Turbines 


Simultaneously with the growth 
in size and output there has been 
a substantial increase in the head 
range for which particular types 
of turbine have been developed. 
Before 1945 there were relatively 
few examples of Francis turbines 
operating on heads over 800 feet 
but in the last ten years or so this 
maximum head has been approxi- 
mately doubled. British manufac- 
turers have made important con- 
tributions in this field of high-head 
Francis turbines. 


20,000,000 


15,000,000 + 


| 
Perhaps the most outstanding 
turbines are those installed in the 
Bersimis power station of the 
Quebec Hydro-Electric Commis- 
sion. Each turbine has a rated 


| 


CUMULATIVE TOTAL OUTPUT ORDERED IN HORSE POWER 


5,000,000 + 


Fig. 5.—Total orders for water | 
turbines placed in Great Britain 


1] 


capacity of 175,000 h.p. when operating under 
the maximum head of 875 feet at a speed of 277 
r.p.m. but in service the turbines have developed 
maximum outputs of 200,000 h.p. These units, 
built in Canada to designs produced in Britain, are 
the most powerful turbines yet in operation in the 
world. 


Important high-head Francis-turbine installations 
for which the turbines were completely built in 
Britain are the Tl power station of the Snowy 
Mountains Hydro-Electric Authority in Australia 
and the Tungatinah power station of the Hydro- 
Electric Commission, Tasmania. 


In the Snowy Tl power station four turbines 
are in course of installation and each will give a 
maximum output of 134,500 h.p. under a head of 
1,095 feet at 375 r.p.m. 


The five turbines in the Tungatinah power 
station each develop 35,000 h.p. under a head of 
935 feet at 600 r.p.m. 


The Kaplan turbine was invented in 1913 and 
the extensive development which has taken place 
since then has resulted in both a great increase in the 
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physical dimensions and a substantial raising of 
the upper head limit. 


For many years the upper limit of head for 
Kaplan turbines was about 100 feet but in recent 
years many turbines in .he head range from 100 to 
200 feet have been built. Britain’s most im- 
portant contribution in this field is the Kaplan 
turbine installed in the Invergarry power station 
of the North of Scotland Hydro-Electric Board. 
This turbine with an output of 28,000 h.p. at 
250 r.p.m. operates under a maximum head of 
181 feet. 


Ten Kaplan turbines of very large physical 
dimensions comparable with those made elsewhere 
in the world are at present being built in Britain 
for the Priest Rapids power station of the Grant 
County Public Utility District No. 2 in the United 
States. The head range is from 33 to 84 feet and 
the maximum output will be 131,000 h.p. at a speed 
of 85.7 r.p.m. The runner diameter is 23 feet 8 
inches and some idea of the physical dimensions 
of the turbine can be obtained from Fig. 6 which 
shows the stay ring in course of manufacture. 
These turbines are the largest in physical 


12 THE ENGLISH ELECTRIC JOURNAL 


dimensions so far built in this country but they 
by no means represent the maximum that can be 
built. 


Tubular Turbines 


This relatively new type of turbine has been used 
fairly extensively on the Continent in recent years 
in low-head run-of-river schemes, because its use 
results in appreciable savings in the cost of civil- 
engineering works, although the plant costs are 
certainly not lower than those of conventional 
units. 

The first unit of this type to be built in 
Britain is at present being installed in the Shin 
Weir of the North of Scotland Hydro-Electric 
Board. The turbine, which will develop 145 h.p. 
under a head of 19 feet, drives an induction 
generator. 


Further units of this type to have outputs up to 
14,000 h.p. are at present under consideration for 
other schemes in Scotland. 


In France, where the first tidal scheme of major 
importance is at present in course of construction 


Fig. 6. 
Fabricated stay 
ring for Priest 
Rapids turbine 
(English Electric) 
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Fig. 7.—Model Deriaz runner (English Electric) 


in the Rance Estuary, tubular turbines have been 
found to be the ideal solution for such tidal schemes, 
because they can be arranged to generate or to 
pump with the flow in either direction. Should the 
Severn Barrage scheme ever be proceeded with, it 
is very probable that units of this type would be 
adopted. 


A New Type of Turbine 


The trend towards higher-head Kaplan turbines 
has been mentioned previously, but although a few 
have been built for heads in excess of 200 feet these 
have mainly been of relatively small dimensions and 
outputs. Studies made by one manufacturer to 
develop the Kaplan turbine for heads considerably 
higher than 200 feet showed that, with the con- 
ventional axial-flow arrangement of the Kaplan 
turbine, the runner hub would become so large 
and the vanes so narrow that an appreciable loss 
in efficiency would result. The logical step appeared 
to be to revert to the mixed-flow arrangement of the 
Francis turbine. The result was a Francis turbine 
with movable blades, called the Deriaz turbine 
after its inventor, Mr. Paul Deriaz, the Chief 
Designer of one of the British water-turbine 
manufacturers. 


In the Deriaz turbine the axes of the runner 
vanes, instead of being at right angles to the shaft 


* The English Electric Company Limited. 


axis, are inclined to it, so that 
the hydraulic limitations of the 
Kaplan turbine for high head are 
overcome and the Deriaz turbine 
can be used for heads up to 
about 600 feet. 

Fig. 7 shows a model Deriaz 
runner designed for a head of 
about 300 feet. The runner is 
surrounded by a conventional 
gate apparatus, which in com- 
bination with the movable runner 
vanes gives the flat efficiency 
curve and overload capacity 
previously associated only with 
the Kaplan turbine. Fig. 8 shows 
comparative efficiencies for the 
various types of turbine and from 
this it can be seen that the 
efficiency curve for the Deriaz turbine is an improve- 
ment even on that of the Kaplan turbine. 


The question of pumped storage and reversible 
pump turbines is dealt with in detail in the following 


EFFICIENCY PERCENT 


© 10 20 30 40 50 60 70 80 90 100 110 120 130 
PERCENTAGE OF FULL LOAD. 


Fig. 8.—Comparative turbine efficiency curves 


section. It is appropriate here to mention briefly 
that a version of the Deriaz turbine has been success- 
fully adopted as a reversible pump turbine. 


Pumped Storage and Reversible Pump Turbines 


Nearly all of the pumped-storage schemes built 
up to the present have been in Continental Europe, 
and British manufacturers were not concerned 
with them. Recently however, British manufac- 
turers have been interested in three important 
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pumped-storage schemes, one in Canada and two 
in Britain. 


Most of the pumped-storage schemes so far built 
in the world have been based on a three-unit 
machine, comprising a generator/motor, a turbine, 
and a pump, and it is only in recent years that it 
has become feasible for some schemes to combine 
the turbine and the pump into a single reversible 
pump turbine. Obviously this is very difficult 
where the pump and turbine discharges are required 
to be appreciably different or where the head is in 
excess of about 1,000 feet, which is about the upper 
limit for a single-stage Francis-type pump, but 
there are schemes where the discharge characteris- 
tics can be made close enough to enable a single 
pump turbine to be adopted provided that the 
head is also suitable. 


The head limit for the axial-flow pump is of the 
order of 30 feet so that except for one or two 
isolated examples for very low heads all reversible 
pump turbines so far built have been of the mixed- 
flow type. 


Until the advent of the Deriaz turbine, mixed 
flow as far as turbines were concerned implied a 
Francis runner. Such a runner 
requires a gate apparatus to enable 
the turbine output to be varied, 
but so far as pumping is concerned 
the gate apparatus is required only 
for starting in order to reduce 
churning and to allow the runner 
to be started in air; thereafter, as 
the guide vanes are in an area of 
disturbed flow they have to be 
individually clamped to prevent 
vibration when pumping. 


The Deriaz machine being also 
of the mixed-flow type is therefore 
very suitable for use as a pump 
turbine, and since the runner 
vanes are movable the gate appa- 
ratus can be dispensed with in 
certain cases. What is of par- 
ticular importance is that with the 
movable runner vanes quantitative 
regulation of the pump as well as 
of the turbine can be obtained. 


The form of the runner vanes is such that when 
closed they virtually form a smooth cone so that a 
very small torque is required to start the runner in 
water and therefore there is no need for any of the 
complicated apparatus required to enable the 
runner to be started in air. When the unit is up to 
speed the runner vanes are gradually opened and 
the discharge rises smoothly. 

The first installation of Deriaz reversible pump 
turbines is in the Sir Adam Beck No. 2 pumped- 
storage power station of the Hydro-Electric Power 
Commission of Ontario in Canada, where six units 
have been installed. Each unit operates over the 
head range from 45 feet to 90 feet and as a turbine 
has a maximum output of 45,000 h.p. while as a 
pump the maximum discharge is 5,040 cusecs 
requiring an input of 55,000 h.p. The speed is 
92.3 r.p.m. for both pumping and generating. 
Fig. 9 shows the Deriaz reversible pump turbine in 
section, and Fig. 10 one of the runners erected 
at site. 

All six units are now in operation and are 
performing satisfactorily. 

All the design and research work for the pump 
turbine for this particular installation was done in 


Fig. 10.—A Deriaz reversible pump turbine runner (English Electric) 
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Britain but the actual manufacture of the units 
was carried out mainly in Canada although the 
runner blades were finished ground and machined 
in Britain. 


The first of the two British schemes referred to 
is the North of Scotland Hydro-Electric Board's 
Sron Mor plant where a combined system of 
seasonal and weekly storage is used in conjunction 
with the two-stage Glen Shira hydro-electric 
scheme. 


The Sron Mor power station contains a 6,950 
n.p. turbine supplied from an upper storage reser- 
voir under a maximum head of 138 feet, directly 
connected to a 5,000 kW induction motor, generator 
and a 7,000 h.p. 160 cusecs single-stage single-inlet 
pump. The lower reservoir has a large catchment 
area but is of limited capacity whereas the upper 
storage reservoir has only a small catchment area 
but is of large capacity. The lower reservoir is the 
head pond for the second-stage power station, 
Clachan, which houses a single 40 MW hydro- 
electric unit. The scheme is designed for a low 
load factor and does not operate at week-ends, so 
that water entering the lower reservoir from its 
large catchment area during this period would be 
lost once this reservoir was filled. The storage 
pump is therefore used to transfer such surplus 
water to the upper reservoir where it can be con- 
veniently stored until required during dryer 
periods. 


The pump is believed to be the largest and most 
powerful so far built in Britain. Furthermore the 
pumped-storage station is remote-controlled from 
the lower station at Clachan both when generating 
and when pumping. The scheme is of particular 
interest in that it is the first of what is hoped will 
ultimately be a large system of pumped-storage 
schemes in Britain. 


The Sron Mor pumped-storage scheme is only 
of small capacity but the Ffestiniog scheme at 
present under construction in North Wales for the 
Central Electricity Generating Board will be the 
largest capacity pumped-storage scheme in the 
world, with an installed capacity of 300 MW. 

The Ffestiniog scheme is based on daily storage, 
the capacity of the upper reservoir being sufficient 
only for about four hours generation at full load, 
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and when empty the reservoir has to be refilled by 
six hours pumping. 


The maximum pumping head is 1,062 feet, which 
at present is beyond the range of any developed 
reversible pump turbine, though manufacturers are 
striving to develop a unit for heads of this magnitude 
and above. 

For Ffestiniog therefore it was necessary for 
separate pumps and turbines to be adopted, and in 
view of the large capacity of the units the vertical- 
shaft arrangement was chosen. 


This arrangement is very suitable because it 
enables the pump, which requires a deeper setting 
for immunity from cavitation, to be located below 
the turbine, and the electrical machine to be 
located at or above the maximum tail-water level. 


The pumps, which are designed to pump 745 
cusecs against a head of 1,000 feet when absorbing 
93,600 h.p., will be the largest capacity vertical- 
shaft pumps in the world. 


The 105,000 h.p. Francis turbines will be the 
largest Output water turbines installed in Britain 
and will operate under a maximum head of 1,020 
feet which makes them quite outstanding high-head 
Francis turbines. 


Fig. 11 shows a cross-section through the 
Ffestiniog power station. 


The Fabrication of Water-Turbine Components 


The development of electric welding during the 
last thirty years has contributed considerably 
towards progress in the design and manufacture 
of water turbines and their auxiliaries. 


British manufacturers have for many years 
experienced difficulty in obtaining at home castings 
which are materially sound and accurate in form 
and have good surface finish in the water passages. 
Other manufacturers in Europe and North America 
have not experienced the same problem to such an 
extent so that the tendency for them to resort to 
fabrication has not been so strong as for British 
manufacturers. In fact it is no exaggeration to 
say that at the present time we in this country are 
in advance of the rest of the world in the use of 
welded steel plate construction for watei-turbine 
components. It is particularly interesting to note 
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Fig. 11.—Cross-section through Ffestiniog power station 
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that European and North-American manufacturers 
are now following suit. 


The stage has now been reached where modern 
British water-turbine designs are based almost 
entirely on welded steel plate components, and 
almost the only component which has not so far 
been fabricated by British manufacturers is the 
shaft. Russian engineers have utilised fabricated 
shafts for some of their very large turbines, and it 
is not beyond the bounds of possibility that in 
Britain we may one day also be forced to adopt this 
method of construction. This will be necessary 
if some of the enormous power developments at 
present under consideration in various parts of the 
world materialise and units of very large output are 
adopted. 


In the early days of the industry (before 1920) 
water turbines and their auxiliaries were almost 
entirely constructed of castings except for some 
riveted construction of the large slender com- 
ponents such as the spiral casings and draft tubes. 


The British water-turbine manufacturers were 
prominent in adopting welded-steel spiral casings, 
first of all in place of the riveted construction as 
far back as 1926, and more recently (since 1947) 
in place of cast steel for even the higher-head 
applications. 
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Compared with riveted spiral casings the welded 
spiral casings show substantial savings in weight 
and cost mainly because of the reduced plate 
thicknesses which follow from the higher efficiency 
of the welded joint as compared with the multi- 
row riveted joint. With no protruding rivet heads 
and butt straps on the inside of the spiral casing, 
higher water velocities can be accepted for the 
welded construction without increased friction 
losses. This enables dimensions to be reduced and 
further savings to be made. 


While British manufacturers do not generally 
recommend riveted construction for spiral casings 
they are still prepared to use it when, as sometimes 
happens, a particular customer insists. 


For example, in the case of the first contract in 
recent years to be placed by the Government of the 
United States for water turbines to be manu- 
factured outside the United States, the Army 
Corps of Engineers specified that all field joints 
in the spiral casings should be riveted. These 
turbines, for the Table Rock power station in 
Arkansas, are rated at 68,000 h.p. and the spiral 
casings are of 16 feet 9 inches bore at the inlet. 
On account of transport limitations very extensive 
riveting had to be adopted, as can be seen in 
Fig. 12. 


Fig. 12.—Riveted spiral 
casing for Table Rock 
turbine (English Electric) 
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modern all-welded spiral 
casing is shown in Fig. 13. This 
spiral casing for one of the 73,800 
h.p. turbines supplied to the 
Fuerzas Electricas del Noroeste 
S.A. (FENOSA) in Spain for 
their Los Peares power station 
was completely welded at site. 
The spiral casing plates were cut, 
rolled to shape, and matched to 
the stay ring in the works, but 
after marking they were dismantled 
and shipped. At site the plates 
were then re-erected to the stay 
ring and welded in position. This 
particular spiral casing with an 
inlet diameter of 13 feet has a 
maximum plate thickness of 1} 
inches and is designed for a 
normal working pressure of 135 
lb/sq in. After the welding is completed and before 
spiral casings are embedded in concrete they are 
pressure tested to prove watertightness. 

In the high-head field the adoption of welded- 
steel spiral casings has resulted in very substantial 
savings as compared with the cast-steel construction 
previously used. Apart from the difficulty of 


Fig. 13.—Welded spiral casing for Los Peares turbine (Boving) 


Fig. 14.—Welded spiral casing for Snowy T\ turbine (English Electric) 


obtaining satisfactory castings, welded spiral 
casings show acceptable savings in cost even for 
the very high heads. The steel plate material used 
is inherently sound, thus permitting higher stresses, 
and there are no minimum thicknesses imposed 
by casting techniques. The result is that because 
material costs are substantially lower for the 
fabricated casings even the extra 
cost of the extensive heavy welding 
does not offset the very high cost 
of the cast-steel casings. 


Fig. 14 shows one of the 
all-welded spiral casings recently 
completed for the Tl power 
station of the Snowy Moun- 
tains Hydro-Electric Authority 
in Australia. Each spiral casing 
admits water to a 134,500 h.p. 
Francis turbine operating under 
a maximum head of 1,105 feet 
and has an inlet diameter of 6 
feet. The maximum thickness 
is 2} inches and, in addition to 
having to withstand a test pressure 
of 900 Ib/sq in, every weld is 
fully radiographed to ensure 
soundness. 


For a turbine such as that 
for Snowy Tl the adoption of 
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an all-welded instead of cast-steel spiral casing 
results in a saving of about 7 to 8 per cent in 
the total cost of the turbine and the valve, and 
this is a most important contribution towards 
lower costs. 


After the adoption of welded steel plate con- 
struction for spiral casings and draft tubes in the 
nineteen-twenties, fabrication of other components 
was gradually developed and within another ten 
years it was fairly common for turbine top covers 
and regulating rings also to be fabricated. 


In 1936 what are believed to have been the 
world’s first fabricated stay rings were built in 
Britain for the Arapuni Units No. 7 and No. 8 
for the New Zealand Government. These stay 
rings, which are 14 feet in diameter and weigh 
20 tons, can be compared with the latest products of 
British manufacturers. These are the 37 feet 6 
inches diameter stay rings weighing 100 tons for 
the ten 131,000 h.p. Kaplan turbines at present 
under construction for the Priest Rapids power 
station of the Grant County Public Utility District 
No. 2 in the United States, which are shown 
in Fig. 6. 


The conditions during the war years 1939-1945 
intensified the problem of the supply of high- 
quality iron and steel castings for other water- 
turbine components. This further stimulated the 
development of fabricated designs for guide vanes, 
pivot rings, foundation rings, and bearing housings. 


In 1945 the stage had therefore been reached 
when between 50 and 70 per cent of the total net 
weight of a medium-head Francis turbine consisted 
of fabricated items. 


Since 1945, primarily due to important advances 
in welding technique, fabrication has been further 
extended to include the runner, the most complex 
and important component of a Francis water 
turbine. 


Different considerations have applied to the 
fabrication of low-, medium-, and high-specific- 
speed runners and each particular case has had to 
be considered on its merits. 


In the low-specific-speed range for high-head 
reaction turbines where complete stainless-steel 
runners are required the problem always arises of 


accurately grinding the water passages, particularly 
in the region adjacent to the exit where they are very 
narrow indeed. 

If the runner vanes are cast separately in stainless 
steel they can be accurately ground and machined 
to template before being assembled and welded. 


The particular method of fabrication for this type 
of runner depends on the dimensions of the runner, 
but in the case where the water passages are so 
narrow as to preclude any internal welding except 
for short distances in from the inlet and outlet 
edges the whole of the remaining welding can be 
arranged to be done externally. Fig. 15 shows one 
of the fabricated runners supplied for the four 
45,000 h.p. turbines for Loch Sloy station of the 
North of Scotland Hydro-Electric Board, which 


Fig. 15.—Fabricated runner for Loch Sloy turbine 
(English Electric) 
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same time this method of construction 
results in more accurate runners. 


The runner vanes may be of steel plate 
pressed in dies to the correct profile or 
they may be of cast steel. The runner 
crown and rim are usually of cast steel 
but rolled-steel plate is sometimes used. 
Where cavitation conditions require it the 
critical areas of the runner vanes and rim 
can be protected by the deposition by 
welding of stainless steel, or alternatively 
stainless-steel clad plate can be used for 
these components. 


Notable runners of this type so far 
built have been those for Los Peares, 
73,800 h.p. 9 feet 5 inches diameter ; 
Salto de Castro, 59,000 h.p. 15 feet 11 
Fig. 16.—Fabricated runner for Snowy T\ turbine (English inches diameter; Waitaki, Nos. 5, 6, 

Electric) and 7 units, 23,000 h.p. 13 feet 7 inches 


Operate under a maximum head 
of 880 feet. This method of con- 
struction was so successful that 
fabrication has recently been 
adopted for the four runners of 
the 134,500 h.p. turbines for the 
Snowy TI power station where 
they will operate under a maxi- 
mum head of 1,105 feet. One of 
these runners, which is 9 feet 3 
inches diameter overall, is shown 
in Fig. 16. Owing to the larger 
dimensions of these runners it was 
possible to arrange for all the 
welding to be done internally. 


A very high degree of accuracy 
and smoothness of the water 
passages can be achieved by this 
method of construction for these 
low-specific-speed runners. 


In the medium- and_high- 
specific-speed range the principal 
object in the development of 
fabricated runners has been the 
reduction in cost, although at the Fig. 17.—Fabricated runner for Salto de Castro turbine (Boving) 
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Developments in Bearings and 
Glands 


Although the major developments 
in water-turbine design have been 


OIL RETURN 


in connection with the materials 


on and methods of construction, two 


PUMPING GROOVE DISTRIBUTING GROOVE 


Fig. 18.—Typical self-lubricating bearing 


diameter ; Eildon, 82,100 h.p. 12 feet 5 inches 
diameter; Cabril, 73,000 hp. 10 feet 9 
inches diameter ; Atiamuri, 30,000 h.p. 13 feet 
7 inches diameter ; and Hirfanli, 44,000 h.p. 10 feet 
11 inches diameter. The six runners for the 140,000 
h.p. turbines at present under construction for the 
Kariba power station in Southern Rhodesia will 
be of similar construction and will, it is believed, 
be the most powerful fabricated runners in the 
world. The runners for Salto de Castro in Spain, 
which are 15 feet 11 inches diameter and weigh 44 
tons, are believed to be the largest fabricated run- 
ners yet in service. One of these runners is 
shown in course of construction in Fig. 17. 


_— other design features are worthy 


of mention. 


In recent years every endeavour 
has been made to simplify the 
auxiliary equipment associated 
with water turbines, primarily in 
order to reduce costs but also to 
ensure absolute reliability. 


WATER JACKET 


One of the recent developments 
is the self-lubricating bearing 
which incorporates its own visco- 
sity pump in the form of specially 

shaped grooves in the bearing shell. Thus no external 
pump is required. To cool the oil, cooling coils 
can be immersed in the oil reservoir or else, as is 
shown in Fig. 18, water can be circulated through 
channels in the bearing shell. The bearing shell 
can be in the form of either a complete ring or a 
series of separate pads. 


The self-lubricating bearing is now standard on 
almost all modern water turbines made in Britain 
and similar bearings are commonly used for the 
alternator guide bearings. 


One problem which has faced the water-turbine 
designer for many years has been the provision of 


Fig. 19.—Typical carbon- 
ring gland 
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an efficient main shaft gland, the 
function of which is to prevent the 
passage of seal-leakage water 
along the shaft or in certain cases 
the entry of air into, or the escape 
of air out of, the turbine. The 
gland must therefore be double 
acting and equally effective for 
water or air. Usually the pressures 
are low but with the development 
of underground power stations 
water turbines are quite often 
required to operate under substan- 
tial back pressures particularly 
during surge conditions. For 
many years the conventional soft- 
packing type of gland was used 
but it has now been largely super- 
seded on almost all except the 
very small units by the carbon- 
ring gland. 


The soft-packing gland requires 
constant adjustment because if it 
is too tight it heats up, tends to score the shaft, 
and wears, while if it is too loose the leakage 
becomes excessive. The advantages of the 
carbon-ring gland are that it is less prone to 
wear and heating, is self correcting when wear 
does take place, causes little or no wear on the 
shaft, and by the provision of a clean-water supply 
at the correct pressure can even be used successfully 
for installations where the water contains appre- 
ciable amounts of sand or silt. 


The carbon-ring gland was first successfully 
used by a British manufacturer about twenty years 
ago and has been in regular use ever since. Even 
today in North America the carbon-ring gland is 
still not generally adopted. 


Fig. 19 shows a modern arrangement of a 
carbon-ring gland. 


Turbine Inlet Valves 


For medium-head hydro-electric schemes the 
butterfly valve is the most commonly used type of 
inlet valve. A rubber sealing device is arranged 
in the periphery of the valve door to give virtually 
drop-tight sealing when the valve is closed. 


Fig. 20.—Butterfly valve for Los Peares (Boving) 


Fig. 20 shows one of the three 13 feet 6 inches 
diameter butterfly valves for Los Peares in Spain 
which operates under a maximum head of 310 feet. 
Other impressive examples are the two 14 feet 6 
inches diameter valves for Eildon in Australia, 
maximum head 252 feet, and the three 13 feet 6 
inches valves for Hirfanli in Turkey, maximum 
head 220 feet. 


Butterfly valves are also frequently used as 
protection valves in pipelines, where they are 
required to close automatically against the flow if 
velocity in the pipeline exceeds a predetermined 
value. 

Fig. 21 shows a valve of 7 feet bore for Hirfanli 
in Turkey which operates under a maximum 
head of 220 feet. This valve is opened by an oil- 
pressure servomotor which also acts as a dashpot 
when the valve is tripped, and is closed under the 
action of a heavy weight. 


For the higher-head installations a smooth-bore 
valve is required and three types of valve are 
currently made in Britain—the rotary valve, the 
rotovalve, and the straightflow valve. 


In the rotary valve and the rotovalve a section 
of the pipe is the actual closing member whereas 


° 
can 


the straightflow valve is in effect a rotary spectacle- 
eye valve with a separate closing member. All 
three types of valve are designed on the basis of 
minimum head loss and absolute reliability under 
emergency unbalanced conditions. Special seals 
which are virtually drop-tight are incorporated in 
the valve, the actual design and material depending 
on the particular type of valve. 


The largest smooth-bore valves in the world at the 
present time were built in Britain and are installed 
in the Cabril and Castelo do Bode power stations 
of the Hidro-Electrica do Zezere in Portugal where 
a total of five 11 feet bore straightflow valves 
operate under maximum heads of 394 and 320 feet 
respectively. One of the straightflow valves for the 
Castelo do Bode power station is shown in Fig. 22. 
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Fig. 21.—Butterfly valve for 
Hirfanli (English Electric) 


These valves will be exceeded in 
dimensions however by the five 
12 feet bore straightflow valves 
for the Bersimis II power station 
of the Quebec Hydro-Electric 
Commission, Canada, which have 
been designed in Britain and are 
in course of manufacture in 
Canada. These will operate 
under a maximum head of 378 
feet. 


Perhaps the most outstanding 
smooth-bore valves so far built 
are the eight 7 feet 9 inches bore 
straightflow valves supplied to 
the Quebec Hydro-Electric Com- 
mission for their Bersimis I 
power station, which operate 
under a maximum head of 875 
feet. These valves have in service 
closed with ease against flows 
equivalent to 200,000 h.p. As 
with the valves for the Bersimis II 
power station these valves were 
designed in Britain and built in 
Canada. 


Four 6 feet bore straightflow 
valves for the Snowy TI power station of the 
Snowy Mountains Hydro-Electric Authority and 
four similar valves for the Ffestiniog pumped- 
storage power station of the Central Electricity 
Generating Board, which are in course of manu- 
facture in Britain and operate under maximum 
heads of 1,105 feet and 1,050 feet respectively, are 
believed to be larger than any high-head smooth- 
bore valves so far built. 


A further outstanding development of the 
straightflow valve also concerns Ffestiniog for 
which, after very extensive model tests under the 
full head, 5 feet 6 inches bore straightflow valves 
have been selected for use as pump discharge valves, 
a function usually fulfilled by more expensive 
needle-type valves. 
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While the straightflow valve has perhaps enjoyed 
rather spectacular successes in recent years, the 
other types of smooth-bore valves have been used 
in many hydro-electric power stations and the 
rotovalve in particular has met with considerable 
success Outside the hydro-electric field in pumping 
plants and wind-tunnel installations. 


Governors 

Hydro-mechanical governors incorporating a 
mechanical centrifugal device and hydraulic amplifi- 
cation have been intensively developed so that 
today they operate satisfactorily and are reliable, 
reasonable in cost, and easy to maintain. 

The mechanical centrifugal device is usually 
driven by a special synchronous motor which is 
fed with alternating current either from a_per- 
manent-magnet generator mounted on or driven 
from the main shaft or from slip rings on the main 
or pilot exciter. 


The considerable growth in 
power-supply systems with exten- 
sive interconnection has com- 
pletely changed the function of 
the water-turbine governor. Previ- 
cusly when a_ single turbine 
supplied an isolated system the 
governor acted solely as a speed 
regulator for the turbine. Now, 
however, with the advent of large 
interconnected electrical systems, 
the principal requirement of the 
governor is to act as a power 
regulator for the generating unit. 
To do this correctly the governor 
may have to take into account 
such factors as tie-line power and 
water level or water flow in 
addiiion to the more normal 
factors of frequency and gate 
setting. 

The governor must be extremely 
sensitive and accurate if it is to 
Operate satisfactorily, and there 
must be the means for mixing 


Fig. 22.—Straightflow valve for 
Castelo do Bode (English Electric) 


suitably the various control signals, and for 
varying in a simple manner their relative effects. 
Without doubt all these requirements can be 
best fulfilled by electrical means, in what is known 
as an electro-hydraulic governor. 

In the electro-hydraulic governor developed by 
one of the British water-turbine manufacturers 
signals received from the permanent-magnet 
generator, the gate return motion, and the various 
other controls as required, are combined electrically 
with the appropriate stabilising circuits. The 
resulting control signal is then amplified by a two- 
stage magnetic amplifier and fed to an electrical 
actuator of the moving-coil type which, working 
against a stiff spring, controls the position of the 
pilot valve. This in turn controls the position of the 
main relay valve which controls the oil pressure 
supply to the gate servomotor or servomotors. 

Since the amplification of all the control signals 
is carried out electrically, there is complete freedom 
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from backlash and mechanical vibration so that 
close control of the pilot-valve position is possible. 
Further important advantages over the hydro- 
mechanical governor are that modifications to the 
governor function may be easily made by the 
addition of further electrical components, and 
adjustments can usually be carried out while the 
unit is Operating. 

Fig. 23 shows a block diagram for this type of 
governor which has been successfully used to 
control 33,000 h.p. turbines in the Fasnakyle 
power station in Scotland and a 100,000 h.p. 
turbine in the Shipshaw power station of the 
Aluminum Company cf Canada. The performance 
of the new governor has been so satisfactory in 
service that five such governors have been ordered 
for the five 200,000 h.p. turbines under con- 
struction for the Chute-des-Passes power station 
of the Aluminum Company of Canada. 


Model Tests 


A very important aspect of water-turbine design 
is the extensive use of model tests to predict the 
performance of the full-size turbine. 


It is now more or less the standard practice of all 
turbine manufacturers to test a homologous model 
of a proposed runner design to determine the 
efficiency, output, and cavitation characteristics 


REQUENCY 
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Fig. 23.—Block diagram for electro-hydraulic governor (English 


accurately the runner characteris- 
tics with the actual requirements 
and to predict the performance 
of the full-size machine so far as 
efficiency, output, and cavitation 
are concerned, they are being 
increasingly accepted for guaran- 
tee purposes as an alternative to 
site efficiency tests. 


Site efficiency tests are expen- 
sive to carry out, they require 
outage of the machine being 
tested with consequent loss of 
revenue, and furthermore can only 
be made at the head available 
at the time of testing. Such tests 
therefore besides being to a certain extent 
unreliable, particularly on account of the 
inherent inaccuracy of the flow measurement 
(a 2 per cent tolerance being usually allowed on this 
account), give no information regarding the 
performance of the turbine under conditions of 
head which differ appreciably from those under 
which the tests were carried out. This is par- 
ticularly disadvantageous in the case of Kaplan 
turbines where there is a wide vatiation of head 
and where on account of the large water quantities 
there is considerable difficulty in measuring the 
water flow to a degree of accuracy compatible with 
the tolerance allowed. 


On many recent contracts undertaken by British 
manufacturers model tests have been used as the 
basis for the turbine efficiency guarantees. 


In addition to the testing of the model runner to 
determine the efficiency, output, and cavitation 
characteristics, valuable information can also be 
obtained from such tests on the hydraulic forces 
on guide vanes and runner vanes and on flow 
patterns in the spiral casing, the gate apparatus, 
and the draft tube. Air is sometimes used as the 
testing medium in these tests. 


One British manufacturer also maintains an 
extensive mechanical laboratory, the function of 


— 
: EMPORARY 
DrRooP 
CaTe 
: TTING 
PERMANENT SE 
4 
REQUENCY 
TUNING 
| 
| 


THE ENGLISH ELECTRIC JOURNAL 27 
which is to study by means of models the stresses sealing arrangements, the properties of bearing 
and deflections of the various components of a materials, and the cavitation and erosion resistance 
water turbine including the valves, and to investigate of materials used in the construction of water 
the performance of various types of bearing and turbines. 


This article will be concluded by Part II, to be published in the December 1958 issue of this journal, 
Volume 15, Number 8. 


“ELECTRICAL DRIVES IN THE RUBBER INDUSTRY’ 
CORRECTION 


In the caption for Fig. 4, on page 19 of the March 1958 issue (Vol. 15, No. 5), the Banbury mixer referred 
to as No. I1 is in fact No. 27. 
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Speed Control of the 8ft x 8ft High-speed 
Wind Tunnel at the Royal Aircraft 
Establishment, Bedford 


By L. S. DRAKE, A.M.I.Mech.E., A.M.I.E.E., Ministry of Works; J. A. FOX, Machine Control 
Engineering Department, The English Electric Company ; and G. H. A. GUNNELL, A.M.LE.E., Special 
Engineering Section, The English Electric Company. 


PART Il 


Part I of this article was published in the June 1958 issue of this Journal, volume fifteen, number six, 
page 3. 


TESTS ON SPEED-DETECTION CIRCUIT 


Works tests were undertaken to serve as a trial 
of the actual components to be installed on site. 
The purpose was to determine and improve the 
accuracy of speed reference and detection over the 
entire speed range. The causes of inaccuracy were 
distinguished as follows :— 


(a) Magnetic hysteresis in the tachogenerator, 
(b) Rectifier temperature variations. 
(c) Stator air-gap temperature-differ- 
ence variations in the tachogenerator. 
(7) Short-term ageing of the rectifier. 


(e) Overall temperature change of the 
tachogenerator. 


By backing off the rectified tacho- 
generator voltage against a_ stabilized 
voltage a reading was taken, on a sensitive 
galvanometer, of the change in speed 
reference. 


The technique adopted was to reduce all speed 
changes to second-order effects. A curve was 
plotted of galvanometer deflection against speed 
over a range of miains-frequency variations. 
Sufficient readings were taken to obtain the slope 
of the * line of best fit’. Fig. 14 shows the method 
used to correct the measured speed for zero 
galvanometer deflection. Having obtained the slope 
of the curve (xy), a parallel line is drawn through 
the test point A to intersect the speed axis at the 
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TEST POINT 


GALVANOMETER 
DEFLECTION 


In tests of this kind it is necessary to 
achieve extreme accuracy. To control the 
speed of the motor driving the high- 
frequency tachogenerator would introduce 
errors of the same magnitude as those it 
was being endeavoured to determine. The 
driving motor speed can be made indepen- 
dent of mains-voltage variations, but 
mains-frequency variations are present. 
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Fig. 14.—Graphical method of speed measurement correction 
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Fig. 15.—Block schematic diagram of d.c. motor-speed control, without current-limit control 


point B. This point is then the corrected speed 
for the tachogenerator voltage to be exactly equal 
to the reference voltage. 

Average speed measurements were taken through- 
out the tests by means of a crystal-gated counter 
over a period of 10 sec. 

At the beginning of the tests, variations in speed 
reference were - 0-03°, in half an hour. 


By temperature control of the high-frequency 
tachogenerator, and tacho-rectifiers with smoothing 
circuit, and a reference potentiometer, the variations 
were reduced to less than - 0-01°, in an hour and 
a maximum drift of 0-03°, per hour, after 3 hours’ 
running time. Drift is defined as the rate of change 
of speed reference with time. 


By far the biggest change in speed reference 
occurs shortly after switching on the tachogenerator. 
In the first 20 minutes the variations and drift 
may be four times as great as the above figures, i.e. 
a reference variation of 0:04°, and a maximum 
drift of 0-12°, per hour. 

It is clear, therefore, that more accurate results 
may be obtained if the tachogenerator is allowed 
time to settle. One of the contributory factors to 
large initial variations is the difference in tempera- 
ture between the stator and rotor surfaces. Usually, 
the field current of the tachogenerator is left 
switched on, and this temperature difference is 


caused by a high-frequency iron loss in the rotor 
after the machine has started to run. 


The tachogenerator has a small ratio of gap to 
diameter of rotor, so that if the temperature of the 
rotor changes relative to that of the stator, the 
length of air-gap is changed by a considerable 
percentage, with a corresponding change in the 
generated voltage. By calculation, it is found that 
a 0-1°C change in temperature difference gives 
0-02°,, change in speed reference. If the tempera- 
ture were uniform it would require a change of 
20°C to cause a change of 0-02°, in reference. 


During these tests, and also on the final arrange- 
ment at site, the entire tachogenerator was enclosed 
in a heat-insulating box, with a heater and thermo- 
static control. An internal fan on the tacho- 
generator shaft circulates the warm air through 
louvred end plates. 


The tachogenerator is mounted on a separate 
plinth at a small distance from the main gearbox, 
in order to avoid exposing it to an additional 
source of heat. The plinth is mounted on rubber 
blocks to prevent any mechanical vibration present 
on the motor room floor affecting the magnetic 
flux in the tachogenerator, since, if the excitation 
current has recently been altered, sharply jarring 
the tachogenerator causes an instantaneous perma- 
nent change of magnetic flux. Repeated jarrings 
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produce smaller changes until eventually a steady- 
state flux is reached. 


The effects of temperature changes on the tacho- 
rectifier and stabilized voltage reference were 
studied in detail. There is a combined effect 
giving a change of 0-027°, per deg C in speed 
reference. Temperature changes of the rectifier 
alone produce a maximum drift in speed reference 
of about 0-07°, per deg C. Although these results 
are not conclusive, it appears that temperature 
effects are partially compensating. 


The voltage-reference valves in the stabilized 
supply—two type QS83/3—have a _ temperature 
coefficient of voltage of 0-0033°, per deg C. This 
drift in reference voltage causes a corresponding 
change in tachogenerator field current, which is 
largely compensated by the circuit arrangement. 
This avoids the necessity of controlling the temper- 
ature of the voltage reference supply. 


The tacho-rectifiers and the smoothing circuit are 
built into a totally enclosed steel box with a heater 
and thermostatic control. The heater and thermo- 
stat operate with a temperature differential of 
approximately --}°C. The normal operating 
temperature is about 35°C. A small circulating 
fan of about 5-10 watts mounted inside the box is 
sufficient to maintain a uniform air temperature. 


The multi-turn reference potentiometer is liable 
to resistance changes due to temperature changes 
inside the control desk. It is therefore mounted 
in a temperature-controlled steel box, with a 
circulating fan to keep the air temperature uniform 
irrespective of the thermal dissipation from the 
top surface of the desk. 


MATHEMATICAL ANALYSIS 


The following symbols are used and the appro- 
priate units are given. The block schematic 
diagram of the system is shown in Fig. 15. 

we = Deviation applied to the electronic ampli- 

fier unit, rad/s. 
® = D.C. motor speed, rad/s. 

@, = Set speed, rad/s. 

K = Electronic amplifier gain, volts per rad/s. 

Vo = Electronic amplifier output, volts. 

v; = Variable-voltage exciter output, volts. 
(Resulting from electronic amplifier). 
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= Variable-voltage-exciter gain, volts per 
field ampere. (Resulting from electronic 
amplifier). 

R, = Variable-voltage-exciter field-circuit resist- 

ance, ohms. (From electronic amplifier). 
vy = Variable-voltage-exciter total output, volts. 
vs = Generator output, volts. 

¢; = Generator gain, volts per field ampere. 

R, = Generator field circuit resistance, ohms. 

v, = * Follow-on’ generator output, volts. 

=‘ Follow-on’ generator gain, volts per 

field ampere. 

R, = * Follow-on’ generator field-circuit resist- 

ance, ohms. 

ky = Flux constant of pilot motor, volts per 
rad/s. 

w = Pilot motor speed, rad/s. 

ig = Pilot-motor armature current, amp. 

R, = Pilot-motor armature circuit resistance, 

ohms. 


M, = Load torque on pilot motor due to 


rheostat, Ib-ft. 
- Inertia of pilot motor and rheostat, slugs- 

¢ = Angular movement of rheostat, rad. 

K, = Rheostat constant, volts/rad. 

= Voltage output from rheostat, volts. 

= Variable-voltage-exciter output, volts. (Re- 
sulting from * follow-on ° circuit). 

c, = Variable-voltage-exciter gain, volts per 
field ampere. (Resulting from * follow- 
on’ circuit). 

R, = Variable-voltage-exciter field circuit resist- 
ance, ohms. (From ‘follow-on’ cir- 
cuit). 

i, = D.C. motor armature current, amp. 

R, = D.C. motor armature circuit resistance, 
ohms. 

k, = Flux constant of d.c. motor, volts per 
rad/s. 

M, = Compressor load torque, referred to d.c. 
motor, lb-ft. 

J, = Total inertia referred to d.c. motor shaft, 
slugs-ft*. 

ky == Gain of feedback network. 

+, = Time-constant of tacho-smoothing circuit, 
sec. 


|! 


t, = Effective time-constant of variable-voltage 


exciter, sec. 
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tz = Generator field time-constant, sec. 
to = Mechanical time-constant of d.c. motor, 
sec. [Defined in eqn. (12a)]. 
zs = Mechanical time-constant of pilot motor, 
sec. [Defined in eqn. (14a)]. 
= Follow-on’ generator field time-constant, 
sec. 
zs, == Time-constant of feedback network, sec. 
w = Angular frequency, rad/s. 
D = Differential operator. 
X, = Constant, defined in eqn. (125). 
X, = Constant, defined in eqn. (14). 
m, = Constant, defined in eqn. (15). 
my, = Constant, defined in eqn. (16). 
y = Ratio, m,/m,. 


For brevity, the expressions (1 + +,D), (1 
t9D), etc., have been shortened to (1), (0), ete. 


Equations 
Electronic output: K(@,— ®)=v,(l).. (1) 


= RA2)vg (2) 


Exciter and generator :< = R,(3)v3.... (3) 
Ve= Vet (4) 

= RAX Wes (5) 

=kew+ igRy..-. (6) 

*Follow-on’  0:74k = My + .. (7) 


= R,(2)v5 


It is assumed that movement of the pilot motor 
changes only the voltage applied to the main field 
VVEFI of the variable-voltage exciter, i.e., the 
change in resistance R, is neglected. 


The effective time-constant +, applies to tran- 
sients in the field windings on the variable-voltage 
exciter, i.e. the arithmetic sum of the individual 
time-constants of each field winding. 

Generator voltage vs = i,R,-+k,o (11) 

and output speed | 0-74k,i, = M, + J,D@ (12) 


From eqns. (11) and (12), eliminating /,, 


074k, 
where, by definition, 
JiR, 
0-74K3 


i.e., = X, + 


0-74k, 
From eqn. (3), eliminating vs, 
= R(3)X, .... (13) 
From eqns. (6) and (7), eliminating jo, 
where, by definition, 
JR 
0-74k2 
Ry My 
0-74k 
By letti (15) 
Ke, 
and mM, = (16) 


and eliminating all variables except the output 
speed &, 


mR, 
[(my(¢)(x)D + mz] a, — (1x) X_ — 


Cy 
(1)(2)(3)(4)(x) DX 
1 
+ Mg (17) 
Stability 


For a stability check, the interest is in the roots 
of the differential expression on the right-hand side 
of eqn. (17). However, the system stability is most 
readily obtained by applying Nyquist’s criterion. 

A plot of w,/@ is the inverse Nyquist diagram. 

Since the relationship between error and output 
only is required, the external torque terms, in- 
volving constants X, and X,, may be ignored : 

+ ~ m.] & 

We and 
2434) x)D 

+ my 

Examination of this expression for «,/8, shows 
that a relationship between m, and m, is required. 


as @,— @ 


then, 


my, is a constant gain for a class 0 system. m, is 
adjustable, since it depends on the value of K,, the 


> 
| | | | 
| 


to 


rate of change of v with time. Hence, in order to 
determine mm, a time scale is necessary. 
Mos K, Rac yc, 
If My = Led 
m, kocoRyR, 
(OMT (203K dx) D 
then we 
m,[v 


To determine the value of 1, 


ds 

from eqns. (8) and (9), = w and: - 

dt 1 
Vv 
i.e. after 7, seconds, wf, = — 
Ky 


If, after time 7,, the exciter output voltage 
increases by an amount equivalent to the maximum 
electronic-amplifier field output, then, under steady- 
state conditions : 


Co Cy 
Rx Vo Vo 
Cy a 
Now, Vo 
R, 
1.¢e You k 
Cy 
RoKycy 
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Further consideration of w,/6, shows that the 
expression is composed of two factors, multiplied 
together, 

(O)(1)(2)(3) 


my, 
which is the factor for * proportional control *, 


(d\(x)D 


and 
y+ 


which is the multiplying factor for * integral 
control *. Having simplified the expression for 
we Oo, the effect of ‘integral control” may be deter- 
mined from a plot of eqn. (18). Referring to 
Fig. 16, the inverse Nyquist diagrams have been 
drawn for 

(a) Proportional control alone. 

(b) t, = 20 sec. 

t, = sec. 

(d) t, = 5 sec. 

The conipressor is designed to work with either 
four or ten stages and the mechanical time-constant 
z» has two values, namely, 6 and 13 sec, respec- 
tively. The higher value has been taken for pur- 
poses of this analysts. 

It can be seen that, when 1, = 20 sec, the effect 
of the * integral control’ on the normal forward 
loop is relatively small. Further, the maximum 
electronic-amplifier field output is designed to be 
10°, of the total. The time required for 100°, 
output from the exciter due to VVEFI is 200 sec. 
This is comparable with the total accelerating time, 
of approximately 10 min, under gas-turbine control. 

Since, under operational conditions, the 
ideal control behaves as an ‘ integral 


4 
woe control i.e. zero-error system, the deter- 
SS +2 mination of gain is not straightforward. 


However, if the system is considered as 
purely * proportional control’, the system 
gain is fixed by the ratio of the natural 
regulation of the Ward-Leonard drive to 
the required regulation under speed 
control, i.e. say 4 to The system 
gain m1, is 40. 


Fig. 16.—Inverse Nyquist diagram for 
* proportional’ and * integral” control 
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b) 


(1-14 — 1-0)/1-14 = 12% first overshoot. 
The value of w at the M = 1-14 circle is 
approximately 1:25, which would be 
expected to be the natural oscillation 
frequency of the system. The higher value 
of w at the M = | circle is approximately 
1-4, so that the expected time to cross-over 


A KpeS would be =/1-4 = 2} sec. Also the radius 
ad of the M = 1-14 circle laid along the locus 
/ from w» = 1-0 to 1-4 indicates that an 
/ exponential decrement of 0-4 may be 
expected. 
| 
* Table 1 
Fig. 17.—Q-diagram with feedback Time-constants 
t; = 13 sec 
Feedback 7, = 0-1 sec 
To give a suitable stable response for a loop tz = 0-4 sec 
gain of 40, an overall transient feedback with a t3 = 3:5 sec 
transfer function 7% = 0-015 sec 
kp=D = 0-08 sec 
a =D Increasing the feedback gain to 6-0 should 
was used, produce an overdamped system as shown in curve 
where ky = Feedback gain of the tachogenerator (c), the locus lying entirely outside the M= 1 


driven at © radians per second, 
and t, = Time-constant in a capacity-resist- 
ance network. 


The values are as follows : 


t¢ = 0°25 sec 
or ky = 6-0 


The feedback gain may be adjusted by means of 
a tapped voltage transformer in the tachogenerator 
output circuit. 


Stability with Feedback 


Fig. 17 shows, in curve (a), the Q-diagram for 
the time-constants given in Table 1. This curve 
crosses the negative real axis at a point correspond- 
ing to a system gain of 33, which is the wrong side 
of the (—1, j0) point, showing that the system by 
itself would be unstable. Curve (b) shows the 
addition of the feedback vectors on the original 
locus, with a feedback gain of 5-0. This new 
locus is tangential to the M = 1-14 circle, so that 
a step input of reference may be expected to 
produce a stable speed change with approximately 


circle. 


Although the results obtained from the Q- 
diagram for time to cross-over, oscillation fre- 
quency, first overshoot and exponential decrement 
are only approximate (the general theory of 
‘curvilinear squares’ applies only to linear 
systems with two time lags), they are sufficiently 
encouraging to proceed with the transient analysis 
on the basis of the single feedback quantity. 


CLOSED-LOOP TRANSIENT RESPONSE 


Equations 

Since the inverse Nyquist plot with y = 1/20 is 
approximately the same as with y = 0, the response 
calculations have been simplified, and the equation 
representing the proportional system, including 
feedback, is as follows :— 


(0)(1)(2)(3) 1 


i.e., the complete equation may be written as 
(20) 
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TIME. SEC 
Fig. 18.—Calculated response to step input of 
reference 


Responses are calculated for a step function of &,. 


The solution obtained by substituting the 
appropriate values in eqn. (20) is as follows 
(neglecting minor terms) : 


0.978 — — 0-59-08 


(21) 
This has been plotted in Fig. 18, from which it 
may be seen that the overshoot is 10°,, with a time 
to cross-over of 2-7 sec and a settling time of 10 sec, 
for a small step of reference. 
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(a) kp ="4:5 

(b) kp =_5-0 
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Analogue-computer Results 


Fig. 19(5) shows the output response of the 
linear system with a step of input reference. The 
feedback gain is ky = 5-0. The similarity between 
Figs. 18 and 19(4) is encouraging, the calculated 
result showing the analogue simulation to be 
correct. 


This and the following analogue-computer 
results include the effect due to the ‘ integral 
control’, whereas the simplified calculated result 
omitted the * integral control’ as having negligible 
effect. 

Figs. 19(a), 19(¢c) and 19(d@) show the variation in 
response with feedback gain. The values of A; are 
4:5, 6-0 and 7-0 respectively. The last value gives 
an overdamped system, which is undesirable, as it 
will have a long settling time compared with the 
previous values of ky. Fig. 19(d) cannot show this 
characteristic very clearly, as the deviation is very 
small compared with the full-scale deflection. 

So far, the response of the system has been 
studied with regard to a step of reference voltage. 
Another important response is that due to a 
disturbance in the speed-control system resulting 
from a change in load torque, i.e. compressor 
torque. This may be due to a change in air 
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Fig. 19.—Transient response to step input of reference, obtained from analogue computer 
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tion in system gain of 100 to 200 


| saturation. This causes a reduc- 
4 times. The response of such a 


system is grossly over-damped as 


shown in Figs. 21 and 22, where 


the error-signal characteristic is 


| 
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Fig. 20.—Transient response to step of load torque, obtained from 


analogue computer 


density, or the incidence of the model affecting the 
velocity of the air in the tunnel. 


Fig. 20 shows the speed response of the linear 
system to a step change in load torque. In a 
* proportional control” system a full-load torque 
change would result in a steady-state speed change 
of 0-1 °%, i.e. the load regulation of the closed-loop 
system. 


Non-Linearities 


In a speed-control system such as the one 
described, there are two major non-linearities 
apart from a number of minor ones that are 
normally neglected. 


The first non-linear characteristic that appears 
with an increase in error signal is amplifier 
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Fig. 21.—Acceleration with electronic amplifier 
saturated, obtained from analogue computer 


- plotted with a vertical scale factor 
of 500 times. These figures show 
the long settling time associated 
with * integral control ’. 

The second major non-linearity 
is due to the current-limiting 
feature in the main Ward-Leonard loop. This is 
designed to keep the d.c. machines within their 
transient Over-current capacity however large the 
system error. In other words, the correcting torque 
has to be limited to safeguard the d.c. motors and 
generators. The current-limit control forms a 
separate servo mechanism which must be analysed 
and stabilized independently. 


ACTUAL RESULTS 


Measurements were taken on the main drive 
speed-control equipment of the 8 ft wind tunnel 
in October 1957. For this series of tests the h.p. 
compressor was out of circuit and the dummy 
section was in position. The tunnel was evacuated 
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Fig. 22.—Deceleration with electronic amplifier 
saturated, obtained from analogue computer 


F 
a 

= 


36 THE ENGLISH ELECTRIC JOURNAL 


in order to allow the d.c. motors driving the 
4-stage low-pressure compressor to run at full 
speed. The main 68,000 h.p. a.c. motor was not 
energized during the speed-holding tests. 


A very sensitive measurement of speed was made 
using a crystal-gated counter to integrate speed 
over a time interval of 10 sec. The counter signal 
was obtained from a photo-electric pick-up, 
electronically amplified to about 20 volts (peak). 
The light source was interrupted by 600 steel pegs 
driven into the face of the brake wheel on the main 
compressor shaft, so that, at a speed of 750 r.p.m., 
the total count was 75,000. By this means, a 
possible speed change of 0-1°, at this speed is 
represented by a change of 75 in the count. 


Long-Term Stability Test 


The long-term stability run was to enable the 
drift levels in the complete equipment to be 
determined. The d.c. drive was run under auto- 
matic speed control at a fixed set speed of approxi- 
mately 600 r.p.m. for 5 hours’ duration. The first 
reading was taken } hour after setting the speed. 
For the first hour of the test, readings of speed, 
load and various temperatures were taken every 
5 min and thereafter every 15 min until the com- 
pletion of the test. For the 5 min readings, single 
10 sec counts were taken, but subsequently, for the 
15 min readings, the average of ten 10 sec counts 
were taken for the speed reading. 


The temperatures inside the tachogenerator box, 
tacho-rectifier box and speed-reference potentio- 
meter were controlled and did not vary by more 
than +0-5° C during the whole test. The d.c. 
load increased gradually and steadily during the 
first 3 hours of the test from 3,050 to 3,700 amp, 
owing to a steady increase in the air pressure 
within the tunnel. After 3 hours the tunnel was 
further evacuated until the d.c. load was reduced 
to 2,700 amp, and subsequently for the remaining 
2 hours of the test the d.c. load steadily rose to 
3,150 amp. 


The 3-phase 50 c/s a.c. supply voltage was 
carefully metered during the test, and random 
voltage changes amounted to a total variation of 
410-430 volts. 


The speed measurements are shown in Fig. 23, 
together with the specified limits of speed accuracy. 
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Fig. 23.—Speed record of long-term stability test 


It will be seen that the control responded to the 
d.c. load change that occurred after 3 hours. 
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Fig. 24.—Speed record of short-term stability tests 
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Short-term Stability Tests 


Short-term stability tests consisted of a number 
of runs of 30 min duration designed to determine 
the short-term stability of the control system. The 
d.c. drive was run under automatic speed control 
at fixed set speeds of approximately 300, 150, and 
75 r.p.m. Again, the first reading in each test was 
taken } hour after setting the speed. Readings of 
speed, load and temperatures were taken every 
5 min. Speed readings were the average of ten 
10 sec counts. Variations in the air temperature 
inside the thermostatically controlled boxes were 
less than 05°C. Fig. 24 shows the speed 
measurements taken at each of the three set 
speeds. The d.c. load current remained sub- 
stantially constant during each 30 min run and 
was metered as follows :— 


1,050 amp at 300 r.p.m. 
1,550 amp at 150 r.p.m. 
500 amp at 75 r.p.m. 


The last two readings were with the tunnel at 
atmospheric air pressure. 


D.C. Load Change. Step-off 


The test of changing load was made by suddenly 
reducing the d.c. load, with the d.c. drive running 
under automatic speed control at a set speed of 
318 r.p.m., and with the tunnel evacuated to 3-4 in 
Hg static pressure. This was achieved by using the 
68,000 h.p. a.c. motor as a generator supplying a 
test-load tank, and by opening the circuit-breaker 
to reduce the d.c. load suddenly. Initially the a.c. 
motor excitation was adjusted to give 5,000 amp 
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Fig. 25.—Transient speed change to step of load 
torque 


d.c. load. After tripping the a.c. circuit-breaker the 
base load supplied to the compressor was 1,000 
amp d.c., i.e. a step of load corresponding to 
two-thirds full-load torque of the d.c. drive. 
Fig. 25 shows the transient speed change, to this 
step of load torque, taken with a high-speed pen 
recorder fed from the rectified tachogenerator 
voltage. 


Conclusions 

Both the long-term and the short-term stability 
tests show that, under the load conditions prevailing 
with the low-pressure compressor, the speed- 
control system can maintain the speed to an 
accuracy within less than —0-1°, of set speed, 
from full speed down to one-tenth of full speed. 

The transient performance resulting from a large 
step of load torque at 318 r.p.m. shows a 2°% peak 
speed disturbance for a two-thirds full-load torque 
step ‘ off’ and a recovery time of approximately 
35 sec under the direct action of the * follow-on’ 
control. 
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Development in Large High Voltage 


Transformers 


The following pages depict some of the history of transformers as they have increased in size and voltage 


over the last thirty years. 


The 132 kV transformer on page 41, built in 1926, had a dry weight of 8 lb. per KVA whereas the 161 kV 
transformer shown on page 53 and completed in 1958 weighed 1-2 lb per kVA. The 1926 transformer was 


not built to any specified impulse level whilst the transformer shown on the last illustration will withstand 


almost two million volts on impulse tests. 


Cold-rolled grain-oriented steel has been used on all the transformers shown on page 45 and onwards 
and has reduced the size and weight by allowing higher flux densities. Both load and no-load losses have 


been materially reduced as a result of using this core steel. 


The high impulse levels achieved follow much impulse testing which produced the basic understanding 
of lightning strokes as they affected transformers. From this knowledge the interleaved winding technique 
was conceived and developed to its present success. This technique has now been proved by over twelve 


years of experience. 


The solid insulation between high and low voltage windings enables a significant reduction in size and 


losses to be made. This development was made practicable by the introduction of the interleaved winding. 
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‘ENGLISH ELECTRIC’ THREE-PHASE TRANSFORMERS 


MVA 


350 


300 


250 


200 


ISO 


lOO 


50 


I91O I920 I930 
YEAR 


The chart shows the successive stages achieved by The English Electric Company in building three-phase 
units of large capacity. Larger units are envisaged, rendered practicable by the latest design techniques. 


1950 


1960 


x 
Fe 


EARLY 110 kV TRANSFORMERS 
FOR INDIA 


One of twelve units supplied to the Tata Power 
Company in 1926. Three single-phase units form 
a 30 MVA three-phase bank for stepping-down the 
110 kV supply to the distribution voltage of 11 kV. 
An interesting feature is that the 110 kV system is 
operated with the neutral isolated; the H.V. 
windings are delta connected, hence graded insula- 
tion could not be used; the power-frequency 
insulation test from winding to ground for one 
minute was 240 kV. 


THE BRITISH 132 kV GRID 


One of the first transformers used on the 132 
kV Grid initiated by the Central Electricity Board 
in 1926. This is a 15 MVA three-phase 132/22 
kV transformer with on-load tap-changing on the 
132 kV side for a voltage variation of 20°, in 
fourteen steps. 
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220 kV TRANSFORMERS IN FINLAND 


This transformer was built in 1950 and a second unit was supplied in 1954. 
The capacity is 64 MVA three-phase with a voltage ratio of 
225,112.5 kV. The neutrals of both systems were 
grounded through arc-suppression coils which 
precluded the use of graded insulation for the 
windings ; the power-frequency tests to 
ground for one minute were 530 kV and 
275 kV with corresponding impulse levels 
of 1200 kV and 650 kV respectively. 4 
On-load tap-changing equipment was 
provided on the 112.5 kV winding 
for a range of 30°, in twelve steps, 
and of course, this gear was fully 
insulated also. The insulation levels : 
necessitated by operational require- = 
ments resulted in a unit of great physical } 
size, but even so, it was designed so that 
it could be transported to site in the 
conventional manner within a transportation 
limit of 90 tons (201,600 pounds). 
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THE BRITISH 275 kV GRID 


The British 275 kV Grid was inaugurated 
through this transformer in July 1952 at 
West Melton, Yorkshire. It is a three- 
phase unit of 120 MVA capacity and a 
voltage ratio of 275/132 kV, the windings 
being auto-connected. This date marked 
an important stage in the development of 
electricity supply in the British Isles. 


The core and windings for the 120 MVA 275/132 kV auto-transformer shown in the Frontispiece. A 
valuable feature of the design is that the voltage regulating winding is inside the H.V. winding and consists of 


a spiral coil in which the 
fourteen tapping sections are 
wound together over the 
whole length of the column. 
By this means the sym- 
metry between the H.V. 
and L.V. windings under 
all tapping positions is close- 
ly maintained, resulting in 
the mechanical forces pro- 
duced under short-circuit 
conditions being of the 
lowest possible value. 
Impulse tests were carried 
out—H.V. 1,050 kV, L.V. 
550 kV. 
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220 kV TRANSFORMERS IN 
SOUTHERN AFRICA 


Some of the first 220 kV transformers in 
Southern Africa were supplied to the 
Rhodesia Congo Border Power Corpora- 
tion Ltd. and are installed at Kitwe in 
Northern Rhodesia. They are three-phase 
units of 60 MVA capacity having a voltage 
ratio of 220/72.6 kV with on-load tap- 
changing on the 220 kV winding. Port 
facilities required that the transformers 
be off-loaded at Port Elizabeth, the 
weight being 90 tons (201,600 pounds), 
after which they had to travel about 
2,000 miles on a 3 foot 6 inch gauge railway 
with restricted loading gauge. These limi- 
tations presented problems to the designer, but the achievement resulted in big economies as compared with 
the alternative arrangement of banks of single-phase units. 
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264 kV TRANSFORMERS 
IN THE UNION’ OF 
SOUTH AFRICA 


In connection with the 
High Veld Power Station of 
the Electricity Supply Commis- 
sion in South Africa, a 264 kV 
transmission system was adopted. 
At the receiving ends sterp- 
down transformers of 150 
MVA capacity are installed to 
feed power into the 132 kV 
and 44 kV_ systems. The 
264 kV and 132 kV _ windings 
are auto-connected off- 
circuit tappings are provided ; 
the 44 kV winding is delta 
connected and there are no 
tappings, a separate regulating 
transformer being provided. 


These three-phase transformers are very large and a special waggon was built for their transportation on 
the 3 foot 6 inch gauge railway, the weight for transport being 102 tons (228,000 pounds). 


TRANSFORMERS FOR 
IN-PHASE AND PHASE- 
ANGLE VARIATION 


A single-phase unit, three of 
which form a 90 MVA three- 
phase bank with three separate 
windings for voltages of 220 kV, 
115 kV, and 38:5 kV. Separate 
three-phase potential and_ series 
tranformers were provided to 
give in-phase and _phase-angle 
variation, on load and simultan- 
eously, on the 115 kV system. 


<== > = 


This transformer has a 
capacity of 200 MVA and a 
voltage ratio of 140/18 kV. 


The Company has sup- 
plied a similar unit to the 
Tennessee Valley Authority 
with a voltage ratio of 
154/13.8 kV. 


TRANSFORMERS FOR THE 
BONNEVILLE POWER 
ADMINISTRATION, U.S.A. 


A 250 MVA three-phase bank having 
a voltage ratio of 230/115 kV, the windings 
being auto-connected. Off-load tappings 
are provided on the 115 kV winding, and 
for voltage variation in the 230 kV system 
a series transformer is connected on the 
230 kV side of the 115 kV common point, 
to which variable voltage is applied 
through on-load tap-changing equipment 
from a separate regulating winding on the 
maincore. A tertiary winding is provided 
for giving a supply to a synchronous 
condenser. 


A THREE-PHASE TRANSFORMER FOR THE CITY OF LOS ANGELES DEPARTMENT 
OF WATER AND POWER 
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*‘ ENGLISH ELECTRIC’ INTERLEAVED 
WINDING 


An outstanding feature of ‘ English Electric’ 
transformers is the application of the interleaved 
winding, covered by Patent No. 1S 587997, which 
is so valuable in relation to impulse phenomena. 
The principle of the design is that the series capaci- 
tance of the winding is multiplied many times 
by virtue of the fact that each pair of electrically adjacent turns is separated by a turn that, electrically, 

| is much further along the winding : e.g., turns | and 2 are separated by turn 13, turns 2 and 3 by turn 14, and 
| so on. 


Core 


L.V. Winding 


The models A below show two views of the impulse voltage-time distribution through a conventional 
winding with a 1/50 micro-second wave, and models B illustrate the very marked improvement in 
characteristics resulting from the use of the interleaved winding. 


A further valuable feature in the Company’s 
designs for high-voltage transformers is the use of 
solid insulation between the high- and low-voltage 
windings. The fact that the interleaved winding 
gives a virtually straight-line distribution of A 
impulse voltage through the winding allows the 
fullest benefit to be obtained from the use of the 
solid insulation technique. 

The interleaved arrangement is essentially related 
to a disc type of winding, which, inherently, has 
great strength to withstand mechanical forces 
produced under short-circuit conditions. age 

The combination of these features is very 
important for the present and future requirements 
for transformers for very high voltage and large 
capacity. 
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In the High Voltage Laboratory of the Nelson Engineering Laboratories, Stafford, is this impulse 
generator which can supply impulse voltages up to 3.2 million volts. The impulse generator is used 
for development work as well as impulse testing of large high-voltage transformers. 
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330 kV TRANSFORMERS FOR AUSTRALIA AND AFRICA 


iH] 
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The Snowy Mountains Scheme in Australia transmits power to points in New South Wales and Victoria 
at 330 kV. Near Sydney step-down transformers will give supply into 132 kV systems, some of which will 
be operated with the neutral grounded through arc-suppression coils. In this case an auto-tranformer 
cannot be used ; a double-wound arrangement is necessary and the 132 kV winding must be fully 
insulated. An example of such a transformer is shown above. It is a single-phase unit for a 162 MVA 
330/132 kV three-phase bank with on-load tap-changing on the 132 kV winding for a range of 24°, in 
24 steps. 

The Company is now building the 330 kV generator-transformers for the Federation of Rhodesia and 


Nyasaland Federal Power Board for their power station in the Kariba Gorge, to the instructions of Messrs. 
Merz & McLellan, the Board’s consulting engineers. 
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LARGE THREE-PHASE GENERATOR-TRANSFORMERS IN GREAT BRITAIN 


A 106 MVA transformer at the Willington ‘ A’ Power Station, Derbyshire, for stepping-up the voltage 
of a 100 MW generator to 275 kV. 


Recent years have witnessed a tremendous increase in the size of generating sets ; a number of 100 MW 
and 120 MW sets are being put into service, and 200 MW, 275 MW and 550 MW sets are now being built. In 
most cases the power is to be supplied into the 275 kV Grid, necessitating step-up transformers. which 
must be double-wound, and for reasons of operating efficiency and economy on the system on-load tap- 
changing is provided. These requirements, the limitations of transportation, and the desire that three- 
phase units should be employed, presented big problems to the designers, but The English Electric Company 
is now building five three-phase 275 kV generator-transformers for its 200 MW turbo-alternator sets to 
be installed at the High Marnham Power Station in Nottinghamshire, and designs are completed for trans- 
formers for the 275 MW generators now on order. 
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LARGE THREE-PHASE TRANSFORMERS 
ON THE PACIFIC NORTH-WEST 
OF U.S.A. 


When these transformers were supplied to the 
City of Seattle on the Pacific North-West of the 
U.S.A. in 1955 they were amongst the largest 
three-phase units installed in that country. The 
capacity is 125 MVA ;supply is given at 230 
kV and the secondary side is connected to the 
26 kV distribution system of the city. Off- 
load tappings are provided on the 230 kV winding. 
They were transported by sea, through the Panama 
Canal, and after unloading in Seattle harbour 
they were moved by barge to their destination. 
The weight for transport was 116 tons (260,000 
pounds). 


These units are an example of the adoption of 
large three-phase transformers in preference to 
banks of single-phase units, this being a_ policy 
strongly advocated by The English Electric Com- 
pany for many years. 

The benefits to operating engineers are very 
great—a saving of 25°, to 35°, on capital cost, 
a big improvement in efficiency and a large reduc- 


tion in space required. Modern transformers are so reliable that the policy of using banks of single-phase 


transformers for the reason 
that one unit can be kept as 
spare can rarely be justified. 
In general, the practice of 
installing three-phase units is 
always correct if transportation 
to site can be accomplished, and 
the arguments are so strong that 
every effort should be made, 
both in the design and in 
respect to the facilities for 
transport, to achieve this. 
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LARGE GENERATOR-TRANSFORMERS IN U.S.A. 


Three of these single-phase units form a three-phase bank of 310 MVA capacity for connecting four 
generators to a 230 kV system. Three such groups were supplied to the U.S. Army Corps of Engineers in 
connection with twelve 65 MW generators in the power station at the Chief Joseph Dam on the Columbia 
River. There are two separate L.V. windings, one on each limb, to each of which two generators are con- 
nected ; the H.V. windings on the two limbs are connected in parallel. This arrangement of windings gives 
balanced conditions whether one, two, three or four generators are running. This scheme allows for the 
use of one instead of four 230 kV circuit-breakers but it necessitates a low-voltage breaker for each generator. 
It must not be assumed that this principle can be generally adopted ; each case must be considered on its 
merits. 
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VERY LARGE THREE-PHASE GENERATOR-TRANSFORMERS FOR U.S.A. 


For the Tennessee Valley Authority The English Electric Company has built two transformers that rank 
amongst the biggest in the world. The capacity is 345 MVA ; they are used to step up the voltage of a single 
generator from 22°5 kV to the transmission voltage of 161 kV. Off-circuit tappings are provided in the H.V. 
winding for plus 2}°%, 5°, and 74° on the normal voltage of 161 kV. The impulse level of the 161 kV 
winding is 750 kV and full-wave and chopped-wave tests were applied to the completed transformer. 

The temperature rise guarantee was 55°C by resistance. The tested losses were : iron loss—282 kW, 
copper loss—947 kW, making a total loss at full-load of 1,229 kW. The capacity of the* English Electric’ 
testing plant enabled a temperature test to be made under conditions equivalent to the full-load of 345 MVA. 
The total weight including oil is 237 tons (530,000 pounds ), and the weight for transport was 164 tons 
( 367,000 pounds ). 
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CURRENT-LIMITING REACTORS FOR BRITISH 132 kV GRID 


On the British Grid there is, possibly, a greater concentration of power than on any other electricity supply 
network in the world. The growth of this system has presented problems arising from the possible flow 
of power under fault conditions being beyond the breaking-capacity of circuit-breakers. Such considerations 
have resulted in the installation of reactors at appropriate points in the system. The English Electric 
Company has supplied many such banks of reactors, capable of a throughput of 90 MVA at 132 kV and 
having a reactance of 18°. They are of the air-core magnetic shielded type. 
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LARGE ARC FURNACE TRANSFORMERS 


A very important application of electric power 
is in the process of steel melting, particularly 
the production of high grade steels. This requires 
large three-phase transformers arranged to supply 
the furnace at a low voltage over a wide range. In 
the past this variation has been obtained by means 
of off-circuit tappings on the primary winding and 
a star/delta switch. The English Electric Company 
has pioneered the development of on-load tap- 
changing for this service. The scheme incorporates 
a main transformer provided with tappings to give 
a variable voltage to the primary winding of the 
furnace transformer, both units being in the same 
tank. Although the cost is high, the scheme is 
amply justified by the increased daily output of 
steel and the less onerous duty on the circuit- 
breaker on the supply side, since the plant must 
only rarely be switched off. 


An outstanding example is at the works of 
Samuel Fox Limited, Sheffield, where The English 
Electric Company has installed a transformer of 
20 MVA capacity taking supply at 66 kV. The 


furnace capacity is 80 tons. Much larger are furnaces are contemplated, requiring transformers of much 
greater capacity taking supply at perhaps even 132 kV. 
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TRANSFORMERS FOR THE FUTURE 


Some years ago The English Electric Company realised that higher voltages than had yet been used would 
be required for transmission of power in large bulk or over great distances in many parts of the world, 
including the British Isles, and an ambitious programme was initiated in order to prove the insulation tech- 
nique in readiness for such demands. An experimental transformer was built to full-scale and has been 
subjected to an exhaustive series of tests. As a result of this development work in the realm of very high 
voltage, and experience in building very large transformers, the Company is now equipped to meet the world’s 
needs for transformers of the largest capacity for service at the highest voltage yet envisaged. 
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